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Abstract
Recent technical progress is demonstrating the possibility to stack together
virtually any combination of atomically thin crystals of van der Waals bonded
compounds to form new types of heterostructures and interfaces. As a result,
there is the need to understand at a quantitative level how the interfacial proper-
ties are determined by the properties of the constituent 2D materials. We address
this problem by studying the transport and opto-electronic response of two dif-
ferent interfaces based on transition metal dichalcogenide monolayers, namely
WSe2/MoSe2 and WSe2/MoS2. By exploiting the spectroscopic capabilities of
ionic liquid gated transistors, we show how the conduction and valence bands of
the individual monolayers determine the bands of the interface, and we estab-
lish quantitatively – directly from the measurements – the energetic alignment
of the bands in the different materials, as well as the magnitude of the interfa-
cial band gap. Photoluminescence and photocurrent measurements allow us to
conclude that the band gap of the WSe2/MoSe2 interface is direct in k−space,
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whereas the gap of WSe2/MoS2 is indirect. For WSe2/MoSe2 we detect the
light emitted from the decay of interlayer excitons and determine experimentally
their binding energy using the values of the interfacial band gap extracted from
transport measurements. The technique that we employed to reach this conclu-
sion demonstrates a rather general strategy to characterize quantitatively the
interfacial properties in terms of the properties of the constituent atomic layers.
The results presented here further illustrate how van der Waals interfaces of two
distinct 2D semiconducting materials are composite systems that truly behave
as artificial semiconductors, whose properties can be deterministically defined
by the selection of the appropriate constituent semiconducting monolayers.
Keywords
van der Waals heterostructures, interlayer exciton, transition metal dichalcogenides,
ionic liquid gating
The absence of covalent bonds between the layers of van der Waals (vdW) mate-
rials is essential not only to allow the exfoliation of monolayers of excellent electronic
quality from bulk crystals, but also to give an unprecedented flexibility in employing
these monolayers to assemble new types of heterostructures.1–3 It is because of the
absence of covalent bonds that monolayers of different compounds can be stacked on
top of each other without constraints imposed by the need to match their crystalline
lattices or by chemistry compatibility. As a result, a very rich variety of building
blocks – including semiconductors,4,5 semimetals,6 topological insulators,7 magnets,8,9
superconductors,10,11 and more – can be readily combined together to create artificial
systems that were impossible to realize until now. That is why 2D materials offer a
truly unprecedented potential to discover new physical phenomena or to engineer novel
electronic functionalities. First examples are provided by the emergence of minibands
and of satellite Dirac points in graphene-on-hBN,12–14 the possibility to induce strong
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spin-orbit interaction in systems of Dirac fermions in graphene-on-semiconducting tran-
sition metal dichalcogenides (TMDs),15,16 or the occurrence of superconductivity in
magic-angle graphene bilayers.17
Despite the vast scope of possibilities enabled by vdW interfaces, a systematic mi-
croscopic understanding allowing the interfacial electronic properties to be predicted
in terms of those of the constituent monolayers is missing. Developing such an under-
standing in general is difficult, because depending on the specific interface considered
many different microscopic processes –hybridization of the electronic states in the two
monolayers, relaxation of the crystalline structure, interaction effects,2 etc.– can play
a prime role. To progress at this stage it is useful to focus our attention on an im-
portant class of systems for which we can exploit existing intuition, namely that of
semiconducting monolayers forming an interface that also behaves as a semiconductor,
whose properties can be deterministically controlled by selecting the two constituent
semiconductors in the vast palette of existing 2D materials.
At the simplest level, the strategy is to choose the constituent monolayers with an
appropriate band alignment, so that the conduction band of the interface is inherited
from one of the monolayers and the valence band from the other (as it happens in
so-called type II semiconducting heterostructures).18 Under these conditions, many
key interfacial semiconducting properties are distinct from those of the constituents,
but uniquely determined by them. These include the size of the band gap (defined
by the energetic alignment of the bands in the two monolayers), whether the gap is
direct or indirect in k−space (determined by appropriately selecting the crystalline
lattices of the materials forming the interface), the joint density of states governing
absorption and radiative processes (directly linked to the properties of the bands in
both constituent monolayers), and more. The interface is therefore a composite system
that possesses unique semiconducting properties defined at the assembly stage by the
choice of the constituent monolayers, which fully determine the low-energy optoelec-
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tronic response of the system detected experimentally. In other words, the interface
truly behaves as an artificial semiconductor whose properties –that determine the op-
toelectronic response– are created by design.
Whereas over the last couple of years considerable experimental effort has focused
on vdW interfaces of different semiconducting 2D materials,19–22 only a very limited
amount of work has been done to probe transport and optical properties on a same
structure, enabling a full understanding of the energetics of vdW interfaces. That
is why developing the ability to probe the properties of vdW interfaces based on 2D
semiconductors to determine quantitatively – directly from experiments – how these
properties are related to those of the constituent 2D materials, is now a key prior-
ity. Here, we start addressing these issues by means of a systematic investigation of
the transport and optoelectronic properties of two prototype vdW interfaces based on
semiconducting TMD monolayers, namely WSe2/MoSe2 20 and WSe2/MoS2.45
Transport investigations rely on ionic liquid gated field-effect transistors23–26 real-
ized on structures that enable the individual monolayers, and their interface, to be
measured separately on a same device. By exploiting the spectroscopic capabilities
of ionic liquid gating,27–30 these devices enable us to establish a direct relation be-
tween the bands of the vdW interface and those of the constituent monolayers, and to
determine quantitatively and precisely the offsets between the bands of the different
monolayers, as well as the magnitude of the interface band gap. To probe whether
interband transitions in the vdW interface are direct or indirect in k-space we per-
form photoluminescence (PL) and photocurrent (PC) experiments. Radiative decay of
interlayer excitons is observed in WSe2/MoSe2 but not in WSe2/MoS2, in agreement
with the expectation that the interfacial interband transitions are direct in the first
case and not in the second.31 The binding energy of interlayer excitons in WSe2/MoSe2
can then be determined by directly comparing the frequency of the light detected in
PL with the value of the interface band gap extracted from transport experiments.
4
All together, the results presented here show that vdW interfaces behave as artificial
semiconductors whose response – determined by the choice of the constituent materi-
als – is virtually indistinguishable from that of a naturally existing 2D semiconducting
material.
The device configuration employed for our transport measurements – essential to
obtain the results discussed below – is illustrated in Figure 1 for the MoS2/WSe2 sys-
tem. The MoS2 and WSe2 monolayers are exfoliated onto a Si/SiO2 substrate (see
Figure 1a and 1b). Using a by-now conventional "pick-up" technique based on polymer
stamps,32 the WSe2 monolayer is transferred onto the MoS2 monolayer with the aid of
a motorized manipulator stage under an optical microscope. Figures 1c and 1d show
microscope images taken after the transfer and after having attached contacts. The
final step is the application of the top ionic liquid, leading to a device structure such as
the one represented schematically in Figure 1e (with the gate and reference electrodes
also shown; see section S1 in Supporting Information for details of the fabrication
process). The important aspect of this device geometry is that the different parts of
the structure can be measured independently in a field-effect transistor configuration,
while being directly connected to each other. This is key as it allows a direct quanti-
tative comparison of relevant quantities measured in the different parts of the device.
Figure 2a shows the source-drain current (ISD) measured on the different parts of
a device based on WSe2 and MoSe2 monolayers, as a function of gate voltage VG (VSD
= 50 mV; see the schematics on top). The left, center, and right panels (blue, red, and
green curves) show the current flowing through the WSe2 monolayer, the WSe2/MoSe2
interface, and the MoSe2 monolayer, respectively. Excellent ambipolar characteristics
are observed in all cases, demonstrating that for the monolayers, as well as for the
interface, sweeping VG allows shifting the chemical potential from the conduction to
valence band. As discussed earlier in multiple occasions,27–30 when the current is plot-
ted as a function of reference potential Vref , these measurements provide spectroscopic
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Figure 1: Device structure enabling the quantitative characterization of van der Waals
interface and of their constituent monolayers. Optical microscope images of a MoS2
(a), a WSe2 (b) monolayer (delimited respectively by the green and the blue lines), and
of the structure assembled by transferring the WSe2 monolayer to overlap partly with
the MoS2 one. (d) Optical microscope image of a device based on the structure shown
in (c) with Pt/Au contacts enabling separate transport measurements to be done on
the three regions (MoS2 monolayer, WSe2 monolayer and their interface). The scale
bars in all images are 5 µm. (e) Schematics of an ionic-liquid gated FET based on a
device structure comprising two monolayers and their interface, such as the one shown
in (d). The schematics also shows – not to scale – the gate and the reference electrode,
as well as the typical bias/measurement configuration needed to perform the transistor
electrical characterization.
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information. That is because, due to the very large capacitance of the ionic liquid, a
change in Vref corresponds to a shift in chemical potential ∆µ = eVref as long as the
density of states in the system is small (which is the case if the chemical potential is
shifted inside the gap of a semiconductor).27
The current ISD measured on the different parts of the structure plotted as a func-
tion of Vref is shown in Figure 2b. The current through the vdW interface – the
continuous red curve – quite precisely overlaps with the dashed green curve (i.e., the
current flowing through the MoSe2 monolayer) when the conduction band of the inter-
face is populated, and with the blue dashed curve (i.e., the current flowing through the
WSe2 monolayer) when the valence band is populated. It follows from this observation
that the interface conduction and valence bands are respectively the conduction band
of the MoSe2 monolayer and the band of the WSe2 monolayer. This shows directly how
the bands of the vdW interface – and therefore all other low energy properties – are
fully determined by the choice of the individual constituents. Finding that the overlap
is virtually perfect indicates the absence of an energetic shift between the bands of
the interface and the corresponding bands of the constituent 2D materials (or of any
other significant modifications of bands in the interface region), in agreement with the
expected absence of any significant interfacial dipole between the layers forming the
vdW interface.
To make these considerations systematic and quantitative, we compare the values
of threshold voltage for electron and hole conduction (V hth and V eth), for the different
parts of the device. At threshold, the chemical potential is located right at the edge of
the corresponding band,33 i.e., at the bottom of the conduction band at threshold for
electron transport and at the top of the valence band at threshold for hole transport.
Therefore, since a shift in reference potential corresponds to an equal shift in chemical
potential, the difference of measured threshold voltages provides a measurement of the
energetic position of the bands in the different parts of the device. Specifically, the
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Figure 2: Spectroscopic characterization of a vdW interface and its constituents by
transport measurements in ionic liquid gated devices. (a) Top panel: Schematic rep-
resentation of device configuration, showing the three different parts measured (left:
WSe2 monolayer; center: vdW interface; right: MoSe2 monolayer). Bottom panels:
FET transfer curves (i.e., ISD as a function of VG at fixed VSD) for the monolayers
and the interface (see legends), all exhibiting perfectly balanced ambipolar transport.
(b) Same curves shown in (a) plotted versus reference potential Vref (curves of a same
color in (a) and (b) represent measurements done on the same part of the structure).
The current through the interface (red curve) matches the current through MoSe2
(green curve) when the chemical potential is in the conduction band and the current
through WSe2 (blue curve) when the chemical potential is in the valence band. The
black dash-dotted lines represent the linear extrapolations done to determine the elec-
tron/hole threshold voltages for each curve, from which we obtain the corresponding
conduction and valence band offsets (CBO and VBO, respectively), as well as the
vdW interface band gap (∆vdW ). (c) shows the resulting band diagram corresponding
to a type II (staggered) alignment33 of the MoSe2 and WSe2 bands. (d) shows similar
curves and an identical phenomenology for the WSe2/MoS2 system. In MoS2 mono-
layers hole transport is suppressed by in-gap states originating from S vacancies,30 and
yet the interface exhibits excellent hole transport, because the interfacial valence band
originates from WSe2. 8
difference between V eth and V hth corresponds to the band gap in the part of the device
on which the measurements are done; the difference between the values of V eth (V hth)
measured on two different parts of the devices gives the offset of their conduction (va-
lence) bands.
The threshold voltages V hth and V eth are determined by extrapolating to zero the
source-drain current ISD measured as a function of Vref (the experimental error depends
on the specific device, and is typically less than 5 %34). We first check the values of the
band gap for the MoSe2 and WSe2 monolayers, and find ∆(MoSe2) = e(V eth(MoSe2)
−V hth(MoSe2) ) = 2.06 eV and ∆(WSe2) = e(V eth(WSe2) −V hth(WSe2) ) = 1.73 eV, in
good agreement with values reported in the literature.35–37 For the WSe2/MoSe2 inter-
face the band gap is found to be ∆(WSe2/MoSe2) = e(V eth(WSe2/MoSe2)−V hth(WSe2/MoSe2)
) = 1.48 eV and the same procedure to determine the conduction band offset (CBO)
and valence band offset (VBO) between the MoSe2 and the WSe2 monolayers gives
ECBO(WSe2/MoSe2) = 0.34 eV and EV BO (WSe2/MoSe2) = 0.66 eV. Figure 2c sum-
marizes these values in a single band diagram. The same analysis performed on
the WSe2/MoS2 system (see Figure 2d) gives a value of the interface band gap of
∆WSe2/MoS2 = 1.08 eV, comparable to what found in recent scanning tunnelling spec-
troscopy experiments.38 For this interface we could only determine the conduction
band offset between the two monolayers, ECBO(WSe2/MoS2) = 0.63 eV, because – as
we recently discussed in Ref. 30 – in monolayer MoS2 the presence of defects states
near the top of the valence band prevents good quality hole conduction. In this regard,
it is worth emphasizing how remarkable it is that the interface exhibits ideal ambipolar
behavior, even though hole transport is drastically suppressed in one of the constituent
monolayers.
To finalize our discussion of transport, we complete the analysis of the character-
istics of FETs realized on the different vdW interfaces. Representative output curves,
i.e., the source-drain current ISD as a function of source-drain voltage VSD for dif-
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ferent values of gate voltage VG, are shown in Figure 3a for a WSe2/MoS2 interface
(similar data is shown for WSe2/MoSe2 interface, in the section S2 in the Supporting
Information). Except for a small hysteresis, the output curves exhibit a virtually ideal
behavior: the linear regime is observed at low VSD, followed at larger positive VSD by
a well-defined saturation regime, and by a steep increase in ISD if the source-drain
bias is increased further to enter the ambipolar injection regime (i.e., when electrons
and holes are injected at opposite contacts).39 We also determined the subthreshold
swing by looking at the semi-logarithmic plot of the transfer curves, and found S = 98
mV/dec and S = 74 mV/dec for electron and hole transport, respectively (see Fig-
ures 3b and 3c). Both these values are very close to the ultimate room-temperature
limit of 66 mV/dec.33 Together with the ideal ambipolar behavior shown in Figure 2,
these measurements demonstrate that the quality of FETs realized on vdW interfaces
is comparable in all regards to that of FETs realized on individual TMD monolayers.
Next we discuss the optoelectronic properties of the vdW interfaces, starting with
PL measurements performed on the WSe2/MoSe2 system. The room-temperature in-
terface PL spectrum is shown in Figure 4a (solid red curve). It consists of two main
peaks centered around 1.36 eV and 1.6 eV, with the latter exhibiting a shoulder around
1.55 eV (see Figure 4b). A comparison with the spectra of the MoSe2 (green curve
in Figure 4a) and WSe2 (blue curve in Figure 4a) monolayers shows that the 1.55 eV
shoulder originates from the recombination of intralayer exctions in MoSe2. The 1.6
eV peak is due to the recombination of charged excitons – i.e., trions – in WSe2 all in
agreement with values reported in the literature40,41 . Trion formation is responsible
for the red shift measured in the vdW interface as compared to the energy of the PL
measured in the WSe2 monolayer part of the same device, which is due to neutral
excitons. In the interface region, trions form because a small amount of thermally
activated charge is transferred between MoSe2 and WSe2; indeed the red-shift disap-
pears at low temperature, as we show below for the case of the WSe2/MoS2 where the
same phenomenon occurs. In short: the 1.55 eV shoulder and the 1.6 eV peak are well
10
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Figure 3: Electrical characteristics of a WSe2/MoS2 interface FET. (a) Source-drain
current ISD as a function of source-drain bias VSD for different VG values (FET out-
put curves) showing the behavior characteristically observed in devices based on high
quality individual semiconducting monolayers. (b,c) FET transfer curves in semi-
logarithmic scale in proximity of the electron (b) and hole (c) threshold. The red lines
represent the linear regressions made to estimate the subthreshold swing S.
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accounted for by intralayer transition, consistently with the fact that their energy is
larger that the band gap of the WSe2/MoSe2.
Contrary to these features, the 1.36 eV peak in the interface PL spectrum shown
in Figure 4a is obviously absent in the spectra of either constituent monolayer. This
peak is a manifestation of interlayer excitons formed by electrons and holes located in
different layers – a hole in WSe2 and an electron in MoSe2 in the present case – with the
corresponding transition represented by the diagonal red arrow in the inset of Figure
4a.20,42,43 Consistently with this attribution, the energy of the transition is smaller than
the single particle interface band gap, ∆(WSe2/MoSe2) = 1.48 eV, as extracted from
transport. With the experiments giving us both the interfacial band gap and the inter-
facial exciton recombination energy EPL, the binding energy of the interfacial exciton
(X0i ) can be determined to be EX0i (WSe2/MoSe2) = ∆(WSe2/MoSe2)−EPL = 120 meV.
Despite any possible reduction due to the enhanced screening caused by the presence
of the ionic liquid, this is a rather large value, as expected from recent estimates.44
Importantly, finding that the interfacial exciton (X0i ) decays through a radiative tran-
sition strongly supports the conclusion that the band gap of the WSe2/MoSe2 interface
is direct in k−space31 . That is because the constituent monolayers are nearly perfectly
lattice matched and their crystallographic orientations have been intentionally aligned
during the device fabrication.
Following the same logic31 , no PL from interlayer excitons is expected inWSe2/MoS2
interfaces irrespective of the alignment of the crystallographic axis of the constituent
monolayers, because of a 5 % mismatch in their lattice constants. The mismatch im-
plies that the K/K’ points of the WSe2 and MoS2 monolayers are located at different
points in k−space, preventing direct interlayer transitions.45 The PL spectra for the
WSe2/MoS2 system is shown in Figure 4c, for a device in which the crystallographic
axis of the monolayers have been carefully aligned. The PL from the interface (red line)
exhibits two peaks, at 1.59 eV and at 1.84 eV. The latter coincides with the peak origi-
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Figure 4: Photoluminescence of vdW interfaces and their constituent monolayers. (a)
Normalized room-temperature PL spectra of WSe2 (blue curve) and MoSe2 (green
curve) monolayers and of their interface (red curve). The peaks at 1.55 eV in MoSe2
and at 1.65 eV in WSe2 originate from intralayer A-exciton recombination. The inter-
face spectrum exhibits an additional peak at 1.36 eV due the recombination of interlayer
excitons, formed by electrons in MoSe2 and holes in WSe2. The light-green shaded area
represents the interval of energy inside the interface band gap ∆(WSe2/MoSe2), ex-
tracted from transport experiments. The inset represents the alignment of the band,
and the arrows indicate the optical transitions detected in the PL spectra. (b) De-
composition of WSe2/MoSe2 interface PL spectrum seen in (a) as a sum of the three
identified radiative transitions (the formation of trions in the interface region is respon-
sible for the red-shift of the PL peak due WSe2 intralayer exciton recombination; see
main text). (c) Same as (a) for the WSe2/MoS2 system. The blue, green and red curves
represent the PL of the individual WSe2 and MoS2 monolayers, and of the interface,
respectively. No sign of a radiative interlayer transition is seen in this case. Also here,
the WSe2 PL peak is red-shifted in the interface region due to the formation of trions,
but at T = 4.2 K the red-shift disappears, as shown by the PL spectra plotted in (d).
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nating from direct intralayer exciton transitions in MoS2, as it can be inferred from the
PL spectrum measured on the MoS2 monolayer (green line in Figure 4c). Similarly to
the case of the WSe2/MoSe2 interface, the 1.59 eV peak is due to intralayer trion recom-
bination in WSe2, and is red-shifted relative to the recombination of neutral excitons
in the isolated WSe2 (blue line in Figure 4c). Here as well, trions in WSe2 are formed
in the interface region due to a small density of thermally activated charge carriers
transferred from MoS2. Indeed, when the PL spectrum of the interface and of WSe2
are measured at T = 4.2 K – with thermal transfer of carriers fully suppressed – the
shift disappears and the position of the peak measured in the isolated WSe2 monolayer
coincides with the position of the peak measured in the WSe2 forming the interface
(see Figure 4d; the only difference is that the peak of the isolated monolayer is sharper).
The most relevant aspect of these measurements is the absence of any features
at energy smaller than those originating from intralayer transitions in the individual
monolayers. As the single particle band gap extracted earlier from transport experi-
ments is ∆(WSe2/MoS2) = 1.08 eV, any possible interlayer transition should be visible
below this energy. However, no signal is observed here even though our spectrometer
is sensitive down to 0.8 eV. Several devices with different rotational alignment were
studied with no significant difference in their PL response: in no case a peak with
energy smaller than 1.08 eV was observed. The experimental results therefore fully
support the conclusion that the band gap of the WSe2/MoS2 interface is indirect in
k−space.
More information about the interface interband transitions can be obtained from
photocurrent spectroscopy.43,46 Whereas the outcome of PL experiments strongly de-
pends on the competition between radiative and non-radiative decay processes, PC
spectroscopy reveals details of optical interband transitions in a way similar to optical
absorption measurements.47,48 Figure 5a,b show the short-circuit current ISC –i.e., the
PC measured with short-circuited contacts – for the WSe2/MoSe2 and the WSe2/MoS2
14
interfaces, as function of laser excitation energy. We discuss exclusively the spectral
dependence of the PC, and not on its absolute magnitude, which critically depends on
details of the experiments (the device geometry, the applied gate voltage, the spatial
profile of the incident light, etc.; See section S4 in the Supporting Information).
As it is apparent from a direct comparison with the PL spectra (see Figure 5a,b
and their insets), both interfaces exhibit a measurable PC starting at energies well
below the energy of the excitonic transition in the constituent monolayers (see also the
comparison of the PC measured on each interface and on the constituent monolayers,
Figure S2 of the Supporting Information). For the WSe2/MoSe2 interface, the PC
becomes measurable near the onset of the PL line associated to the interlayer exciton
radiative decay (exhibiting a shallow maximum near the PL peak, see the inset of
Figure 5a). It then starts to increase steeply in correspondence of the vdW interface
gap ∆(WSe2/MoSe2) = 1.48 eV. This behavior is expected, since interlayer transitions
in the WSe2/MoSe2 interface are direct in k−space. For the WSe2/MoS2 interface
the PC onset is just under 1.08 eV (Figure 5b and its inset), and the PC increases
only slowly as the energy is increased up to approximately 1.6 eV, at which point a
steeper enhancement is observed due to direct intralayer exciton absorption in WSe2.
Finding that the PC onset energy matches the value of band gap is interesting, since
the PL of the WSe2/MoS2 interface did not show any feature at ∆(WSe2/MoS2) =
1.08 eV. Overall the expected behavior, and in particular the slow increase in PC at
energies smaller than the intralayer transitions, is consistent with the interfacial band
gap of WSe2/MoS2 being indirect in k−space. For both interfaces, therefore, the PC
measurements fully support the conclusions drawn from transport and from PL mea-
surements.
In summary, our work demonstrates an approach to characterize systematically the
basic properties of semiconducting van der Waals interfaces, enabling a quantitative
relation with the corresponding properties of the constituent 2D materials to be estab-
15
(a)
(b)
Figure 5: Photocurrent spectroscopy. (a) The short-circuit current, ISC , measured on a
WSe2/MoSe2 interface as function of incident photon energy (blue line) is compared to
the interface PL spectrum (red line). The light-green shaded region marks the energy
interval below the interface band gap, as extracted from transport measurements. The
inset zooms-in on the two curves at low energy. It is apparent that the PC onset occurs
in correspondence of the interlayer exciton transition and that a steep increase in ISC
occurs just below 1.5 eV, i.e., in correspondence of interfacial interband transitions
(the interface band gap is ∆(WSe2/MoSe2)=1.48 eV). (b) PC spectrum measured on
the WSe2/MoS2 interface (blue curve) together with the corresponding PL spectrum
(orange curve). The inset zooms-in on the photocurrent at energy smaller than the
intralayer transitions, showing that a slowly increasing photocurrent is present, starting
from approximately 1 eV, close to the interface band gap ∆(WSe2/MoS2)=1.08 eV. The
slow increase is consistent with the indirect nature of the interlayer transitions.
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lished. More specifically, our experiments show directly how the interfacial conduction
and valence bands are independently determined by the conduction and valence bands
of the constituent monolayers, they allow the full quantitative determination of the en-
ergetics of the system (including the single-particle band gaps of the two materials and
of the interface, the values of the band offsets, and the exciton binding energies), and
provide definite information about the direct/indirect nature of inter-band transitions.
These conclusions have been obtained for two specific interfaces, but the experimental
method that we have demonstrated can be applied to any other system of the type dis-
cussed here. Even more important in the broader context, the experiments show that
the opto-electronic response of semiconducting vdW interfaces – including transport
in transistor devices, photoluminescence, photocurrent, etc. – is virtually indistin-
guishable from that of an individual semiconducting monolayer. Nevertheless, there is
clearly a very important difference between the two cases, namely that the material
properties of an individual monolayer are given and cannot be modified, whereas the
properties of interfaces can be deterministically defined by appropriately selecting the
constituent monolayers in the vast portfolio of existing semiconducting 2D materials.
As such, vdW interfaces are composite systems that behave in all regards as artificial
semiconductors with properties that can be engineered by design at the assembly stage.
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